Abstract -Interior permanent magnet synchronous motor is widening its application compared to other AC machines because of magnetic and reluctance torque. Despite of the advantages, improving control performance with parameter nonlinearity consideration is crucial during the field weakening control. This paper shows a maximum power control method at the field weakening region that considers d, q inductance's nonlinearity due to magnetic saturation and d, q mutual inductance. To verify the feasibility of control scheme, FEM simulations and experiments about comparison between linear and nonlinear maximum power control are carried out.
Introduction
Interior permanent magnet synchronous motor (IPMSM) has numerous advantages which are high torque per current, high output per weight, negligible noise, and outstanding structural durability. Thanks to these advantages IPMSMs are widening its application compared to other AC machines. Not only high torque is generated from a small rotor size but also a wide range of variable speed is attained through field weakening control because the IPMSM both have reluctance torque and magnetic torque which are generated due to the difference of d, q inductances [2, 3] .
Despite of the advantages of IPMSM stated above, technical difficulties in terms of determining parameter values and control algorithm due to complicated structure and control system leaves IPMSMs still a challenge worthy machine. Especially, improving control performance with parameter nonlinearity consideration is crucial during the field weakening control [4] .
Vector control of IPMSM were utilized by inducing the d, q command current based on the stator's voltage equation according to the IPMSM's field weakening control research reports in the 1990s [5, 6] . Although, the field weakening control method made a significant contribution to establishing the basic field weakening theory, it requires an accurate value of d, q inductance for its high performance use. Also, it is based on the linear model which only considers constant d, q inductances that does not take magnetic flux nonlinearity or mutual inductance into consideration. Thus, control performance hinders when the model diverges from the physical system, and high efficient performance is not being achieved at all operation range due to the neglected nonlinearity of the d, q inductance. Moreover, field weakening control studies that considered magnetic saturation did not as well considered the mutual inductance and linearized the d, q inductances independently [7] . Later in the 2000s, papers that analyzed the influence of d, q mutual inductance and d, q inductance variation due to magnetic saturation have been published [8, 9] . Meanwhile, online parameter estimation, self-tuning control, online optimized field weakening algorithm, fuzzy logic algorithm, and nonlinear controller, were proposed, however; these partially require motor parameters and possess complicating algorithms and hard access to applications because they are yet limited to maximum torque per ampere (MTPA) control [10] [11] [12] [13] [14] . Also, methods which determine current command values based on the voltage of the outer voltage loop and the measured DC link voltage were proposed. Although this method has the advantage that it does not require the motor parameter, DC link voltage is required, the response according to the load fluctuation is slow, and has a low stability [3] .
Therefore, this paper proposes a maximum power control method at the field weakening region that considers d, q inductance's nonlinearity due to magnetic saturation and d, q mutual inductance. In order to realize the proposition, the FEM which will later yield the d, q inductance will be used to analyze the nonlinearity of the d, q inductance. In addition, the results will be confirmed through experiments. Simplified control model which is based on the attained nonlinear inductances makes the algorithm easier to be realized. Also, control model that calculated based on the simplified with non-linear inductance parameters enables field weakening control algorithm to be easy, and proposed control algorithms were verified with comparison of the linear control system through the performance current, voltage, and output characteristics that realize the maximum power control in the field weakening area. In the study, we will verify the effect of the non-linear d, q inductances on driving performance. To prove the method proposed, we will experiments an actual IPSM and a specific control drive we made, as well as perform a simulation.
IPMSM

Specification of IPMSM model
NdFeB is used for interior permanent magnet of IPMSM. The length of the permanent magnet is decided to be less than half of a barrier in order to maximize the effect of field weakening control in the constant power region. IPMSM has 4 poles, 24 slots, 3 phase parallel star connection, and distributed winding. A half of cross section of IPMSM is shown in Fig. 1 and Table 1 describes a specification. Parameters of the linearized IPMSM on a rated operating point are shown in Table 2 . (1)
The two equations above are plotted above as Fig. 6 . The inner area of the circle which is determined by I am is the range of the current limit and is constant regardless of speed. However, it is obvious that the voltage limit locus shrinks as the speed grows and that the maximum output operating points are established based on the intersection of the current limit locus and the voltage limit locus. In other words, the operating point moves through A, B, and C corresponding to the speed growth. The thesis implemented two different types of maximum power control referred to the base speed by using the MTPA and the Field Weakening Control as follows. In low speed region where sufficient voltage margin is present, the MTPA control which only takes the current limit into consideration is implemented; however, in speed region above the base speed(ω base ), the intersection of the current and the voltage limit locus is utilized to conduct field weakening control as in Eqs. (3), (4) . In this mode of operation the current and voltage exists within the range of I am , V om .
However, Eqs. (3), (4) are composed of constant d, q inductance that nonlinear cross magnetizing effect cannot be estimated. Thus, the thesis suggests a method which yields d, q current command by utilizing nonlinear cross magnetization d, q inductances that alter according to input current magnitude and phase. Since this paper concentrates on the enhanced performance of maximum output in the field weakening region, the MTPA control is conducted based on the conventional linear type. The maximum power control current command is obtained as in Eqs. 
Suggested maximum power control
Eqs. (7), (8) is yielded by substituting and 3D interpolating 6[A] for I am1 . The constants are as in Table 3 . (7) (8) (8) and the cross magnetization considered I q . It is obvious that it has a significantly smaller error than I d , and thus, by yielding I d through Eq. (9), the error is significantly reduced as seen in the second Fig. in Fig. 10 . Therefore, this paper exploited Eq. (8) and (9).
Simulation Result of Maximum Power Control
Simulation result
The characteristics of nonlinear maximum power control has been analyzed and the results are shown in Fig. 11 Fig. 11(a) and 12(a) show linear and nonlinear control speed profile, and Fig. 11(d) and 12(d) show the torque profile. According to Fig. (a) and (d) , we can learn that nonlinear maximum power control has a wider range of speed characteristics than the linear maximum power control.
Both Fig. (b) s show the linear and nonlinear control current waveform respectively, Fig. (c) shows the voltage waveform. Because the Fig. (c) 's voltage characteristic of linear output control is based on the constant inductance, optimal d, q current is not present and thus not maximizing the usage of voltage limit. However, the nonlinear output control operates near voltage limit and capable of broad operation than the linear control. Fig. (e) shows the output waveform which reduces in the linear maximum power control mode and maintain constant output in the nonlinear maximum power control mode. Fig. 13 is a comparison between linear and nonlinear maximum power control with respect to current and torque waveform at different speed. We can conspicuously learn that nonlinear maximum power control possess a wider operation range. From the results of the simulation above, we can learn that linear control cannot satisfy an optimal operation with proper values of I d , I q , and that cross magnetization should be considered to enhance the performance.
Test result
The actual IPMSM model analysis has taken place based on the simulation results. Fig. 14 and 15 with a slight distinction at the transition from the MTPA control to the maximum power control which is presumed to have been generated from the truncation error while the calculating the I d , I q . Moreover, I q has a bigger value at nonlinear control, and I d has a smaller value at nonlinear control according to Fig. (b) . Although the difference doesn't seem to be significant in Fig. (b) , it is obviously different when compared in the speed domain as in Fig. 15 . According to Fig. 16(b) , the nonlinear control has a greater torque and a wider range of operation than the linear control. The torque was measured with HBM's T20WN/ 50NM. it does not have a perfect current command and so has an error upon transition from MTPA to maximum power control.
We have confirmed that the nonlinear control has a wider range of operation than the linear control via actual IMPSM model test, as well as, that cross magnetization considered nonlinear maximum power control is necessary for control enhancement.
Conclusion
This paper dealt with the algorithm for maximum power control in the field weakening region considering cross magnetization. To verify feasibility of proposed algorithm, voltage, current, torque and power of the nonlinear maximum power control are compared with the linear maximum power controls within simulation and experiment. The effect of operation characteristic influenced by cross magnetization is investigated. This paper showed that the linear maximum power control ignoring nonlinearity of d, q inductances runs narrow operation range because non-optimal I d and I q mislead low torque and power in the field weakening region. On the other hand, nonlinear maximum power control considering cross magnetizing effect increases torque and power and works with wide operation range. It is necessary to apply nonlinear maximum power control in order to operate IPMSM in the filed weakening region. 
